Introduction
Seagrasses (angiosperms) are considered to be crucial ecological engineers as they provide important ecosystem services that have a significant positive impact on their physical, chemical and biological surroundings (Costanza, 1997; Larkum et al., 2006; Orth et al., 2006; Waycott et al., 2009) . Over the past century, seagrass meadows have faced worldwide decline, mainly as a result of anthropogenic impacts such as eutrophication and coastal development Ralph et al., 2006) , resulting in an increasing number of seagrass die-off events (Seddon et al., 2000; Plus et al., 2003; Borum et al., 2005) , ranging from frequent small scale events (Carlson et al., 1994; Zieman et al., 1999) to isolated episodes of mass mortality (Robblee et al., 1991) . The exact causes leading to such die-offs remain largely unknown, but combined stressors such as high temperatures, high salinity, low flow-rates and water column hypoxia, causing plant tissue anoxia, in combination with hydrogen sulphide (H 2 S) invasion from the surrounding sediment, have been suggested as likely causes (Carlson et al., 1994; Zieman et al., 1999; Borum et al., 2005; Holmer et al., 2009; Raun & Borum, 2013) .
Because seagrasses mostly grow in highly reduced sediments , they are constantly challenged to supply sufficient O 2 to their belowground tissue to sustain aerobic metabolism, as well as to provide protection against invasion of reduced phytotoxic compounds such as H 2 S from the surrounding sediment (Armstrong, 1979; Borum et al., 2005 Borum et al., , 2006 . To facilitate this, seagrasses have well-developed aerenchyma (lacunar system), which enable rapid internal gas-phase diffusion of O 2 to the roots, rhizomes and basal meristems. During daytime, photosynthesis in the seagrass leaves coupled with efficient gas transport in the aerenchyma ensures an adequate O 2 supply to the belowground tissues. At night-time, however, seagrasses are completely dependent upon passive diffusion of O 2 into leaves from the water column (Pedersen et al., 1998; Borum et al., 2006) ; this process is influenced by the O 2 concentration in the surrounding water, the thickness of the seagrass leaf diffusive boundary layer (DBL), and thereby the flow velocity of the surrounding water, as well as by the plant respiration rate itself (Pedersen et al., 2004; Binzer et al., 2005) . This important physiological adaptation enables seagrasses to maintain an oxidized microzone (oxic microshield) around their roots (Pedersen et al., 1998; Jensen et al., 2005; Borum et al., 2006; Frederiksen & Glud, 2006) , typically originating from around the root apex/apical meristem Borum et al., 2006) and resulting in a temporally oxidized microzone 1-2 mm behind the root tip. The impact of such O 2 release on the biogeochemistry and microbial diversity in the seagrass rhizosphere is, however, still under-explored (e.g. Pedersen et al., 1998 Pedersen et al., , 1999 Jensen et al., 2005 Jensen et al., , 2007 .
The O 2 budget of seagrass, which determines the sulphide oxidation capability of the belowground tissue, is the result of complex interactions between several sources and sinks. Sources include photosynthetically derived O 2 evolution and passive diffusion of O 2 into the seagrass leaves from the ambient water column. The sinks consist of the sediment O 2 demand resulting from biotic and abiotic chemical reactions, as well as the plants' own respiration (Greve et al., 2003; Borum et al., 2005 Borum et al., , 2006 Holmer et al., 2006) . Plant tissue respiration is strongly influenced by changes in water temperature, and increased respiration as a result of increasing temperature can lead to decreased O 2 supply to belowground tissue, resulting in inadequate internal aeration (Raun & Borum, 2013) , which in turn may lead to H 2 S intrusion.
Sulphide is produced by sulphate-reducing bacteria in anoxic marine sediment and exhibits a pH-dependent speciation where H 2 S predominates at porewater pH < 7, and HS À predominates at higher pH. As dissolved H 2 S gas is the only form of sulphide that can freely permeate the cell membrane, the toxicity of sulphide in sediment not only relies on the overall sulphide concentration, but is also strongly affected by the sediment pH. High H 2 S concentrations have a negative effect on the viability of submerged plants by reducing photosynthesis, reducing nutrient uptake, and by blocking the mitochondrial respiratory electron transport chain through its strong binding with iron in cytochrome c oxidase (Goodman et al., 1995; Raven & Scrimgeour, 1997; Holmer & Bondgaard, 2001; Perez-Perez et al., 2012) . H 2 S is thus considered a broad-spectrum toxin that leads to chemical asphyxiation and formation of reactive oxygen species (ROS), which can lead to protein degradation and peroxidation of membrane lipids (Raven & Scrimgeour, 1997; Eghbal et al., 2004; Truong et al., 2006; Perez-Perez et al., 2012) .
As H 2 S can be chemically oxidised by O 2 (i.e. 2O 2 + H 2 S ? 2H + + SO 4 2À ), the influx of H 2 S into plant tissue seems to correlate with the inability to sustain a protective oxic microzone around the belowground tissue (Pedersen et al., 2004; Borum et al., 2005) . The thickness and efficiency of such an oxic microshield depends on the rate of O 2 leakage to the rhizosphere relative to the O 2 consumption rate in the surrounding sediment. Bacterial sulphide oxidation in the immediate rhizosphere may also dramatically lower the half-life of H 2 S in comparison to the spontaneous chemical oxidation alone (Cline & Richards, 1969; Chen & Morris, 1972; Almgren & Hagstrom, 1974; Jørgensen & Revsbech, 1983; Pedersen et al., 2004) , further alleviating the H 2 S exposure of seagrass roots. Yet another potential chemical defence mechanism could involve a local increase of rhizosphere or root surface pH, shifting the sulphide speciation away from H 2 S towards nonpermeable and thereby nonphytotoxic HS À ions. A detailed description of the pH microheterogeneity within the seagrass rhizosphere is, however, still lacking.
Mature seagrass roots also exhibit a range of anatomical adaptations, including casparian band-like structures (Barnabes, 1996) and/or suberized lamellae (e.g. Enstone et al., 2003) that reduce cross-tissue gas transport. This is likely to increase the efficiency with which O 2 is carried to the roots, thus facilitating the maintenance of aerobic metabolism and possibly also reducing H 2 S intrusion (Armstrong, 1979; Armstrong & Armstrong, 2001; Jensen et al., 2005) . The presence of a strong barrier against cross-tissue gas transport has been shown to correlate with anaerobic conditions within the sediment, as well as the presence of phytotoxins (Colmer et al., 1998; Armstrong & Armstrong, 2001) .
In this study, we elucidate the dynamics of the chemical microenvironment in the rhizosphere of Zostera muelleri under changing environmental conditions. We present the first detailed microscale mapping of O 2 , H 2 S and pH gradients around the basal meristems with leaf sheath (BM), rhizome and roots of Z. muelleri and investigate whether local pH enhancement and sulphide oxidation contribute to H 2 S detoxification in the rhizosphere.
Materials and Methods

Seagrass samples
Zostera muelleri ssp. capricorni (Asch.) S. W. L. Jacobs specimens were collected from a sheltered lagoon exposed to low flow rates (Narrabeen Lagoon, NSW, Australia). Specimens were sampled in shallow waters (c. 1 m depth) and transported in seawater from the sampling site to the laboratory within 1 h of sampling. Specimens were kept in a glasshouse under a natural light regime (c. 11 h : 13 h, light : dark cycle) for a minimum of 72 h before further handling. Three specimens with similar aboveground and belowground biomass (i.e. two shoots with intact root bundles and more than two internodes) were selected for this study. Rhizome and roots were gently washed and plants were left free of sediment over night to aerate roots and rhizomes before placing them in the split flow chamber (Fig. 1) .
Split flow chamber and artificial sediment
A seagrass specimen was placed horizontally in a custom-made split flow chamber (Fig. 1) , with the aboveground tissue positioned in the upper compartment with free-flowing seawater and the belowground tissue inserted in viscous, reduced artificial sediment consisting of: 0.19% anoxic seawater-agar (grade J3; Gelita, Beaudesert, Qld, Australia) solution amended with Na 2 S to a final concentration of 250 lM H 2 S and buffered with 10 mM anoxic HEPES buffer (N-2-hydroxyethylpiperazine-N 0 -2-ethanesulfonic acid; pH range 6.8-8.2). Natural seawater was used to ensure natural concentrations and ratios of essential nutrients. The artificial sediment was kept anoxic in the chamber by constantly flushing the overlying layer of seawater with humidified nitrogen (Fig. 1 ). To ensure a continuous supply of H 2 S to the artificial sediment, pieces of gauze were soaked in anoxic and acidic (pH 4) 1 mM Na 2 S solution and placed in the bottom of the lower chamber before adding the artificial sediment. The O 2 demand of the reduced artificial sediment was kept relatively high in order to mimic natural sediment conditions. This was achieved through the combined effect of the added reducing agent (H 2 S) constantly diffusing up into the artificial sediment from the bottom layer and the above-lying oxygen sink (further information on the experimental approach is provided in Brodersen et al. (2014) ).
A constant flow (c. 1 cm s À1 ) of seawater (21°C; salinity of 34) was maintained in the upper compartment via a pump submerged in an aerated, temperature-controlled water bath. Illumination in the upper compartment (with seagrass leaves) was provided by a fibre optic tungsten halogen lamp (KL-2500; Schott GmbH, Mainz, Germany). The downwelling quantum irradiance (PAR) was measured with a calibrated quantum irradiance meter (Li-250A; LiCor, Lincoln, NE, USA) equipped with an irradiance sensor (Walz GmbH, Effeltrich, Germany) kept at the same distance from the light source as the seagrass leaf canopy.
Plants were acclimatized to the split flow chamber under standard conditions (c. 250 lmol photons m À2 s À1 ; 10 h : 14 h, light : dark cycle) for several days before measurements commenced. The seagrass specimens were then acclimatized to different treatment conditions: dark + air saturated water column; 260 lmol photons m À2 s À1 + air saturated water column; 350 lmol photons m À2 s À1 + air saturated water column; and dark + c. 50% air saturation in the water column (hypoxia). Treatments were applied for at least 3 h before measurements to ensure steady-state biogeochemical conditions (as confirmed by repeated microprofile measurements). The hypoxia treatment (i.e. c. 50% air saturation in the water column of the upper compartment) was achieved by simultaneously flushing the water in the supporting water bath with a mixture of N 2 and atmospheric air. The O 2 concentration in the water was constantly monitored by a calibrated Clark-type O 2 microsensor (OX-100, tip size c. 100 lm, 90% response time < 8 s, stirring sensitivity < 1.5%; Unisense A/S, Aarhus, Denmark). Thirty-six hours before the hypoxia experiment, additional sulphide (5 ml, 10 mM Na 2 S) was injected into the bottom layer of the artificial sediment in order to re-establish H 2 S concentrations, as preliminary experiments had shown that photosynthesis-induced O 2 release during the light treatment completely removed H 2 S from the basal meristem microenvironment. The split flow chamber was left untouched for 36 h after the injection to ensure steady-state biogeochemical conditions as confirmed by repetitive vertical microsensor profiles. Before microelectrode measurements commenced, O 2 microprofiles were performed at the cut end of the rhizome to ensure that no O 2 release was detectable, indicating intact plants and thereby an enclosed aerenchyma.
Microsensor measurements
Precontaminated (i.e. pre-exposed to H 2 S) Clark-type O 2 microsensors (OX-50, tip diameter c. 50 lm; Unisense A/S; Revsbech, 1989) , with a fast 90% response time of < 5 s and a low stirring sensitivity of < 2% were used to measure the radial O 2 release from the belowground tissue. Oxygen microelectrodes were linearly calibrated from signal readings in 100% air saturated seawater and anoxic seawater (seawater amended with the O 2 scavenger sodium dithionite) at experimental temperature and salinity.
H 2 S concentrations were measured with Clark-type H 2 S microelectrodes (H 2 S-50, tip diameter c. 50 lm, 90% response time < 10 s, stirring sensitivity < 2%; Unisense A/S; Jeroschewski et al., 1996; K€ uhl et al., 1998) that were linearly calibrated (three-points) in anoxic, acidic Na 2 S (pH 4) solutions of known H 2 S concentrations (i.e. 0, 50 and 100 lM, at experimental temperature and salinity). The microelectrode is only sensitive to H 2 S (Jeroschewski et al., 1996) , which is the only sulphide species that is able to penetrate plant tissue by liquid solution permeation of the plasmalemma (Raven & Scrimgeour, 1997) .
pH measurements were done with pH microelectrodes (PH-50, tip diameter c. 50 lm, linear range pH 4-9; Unisense A/S; K€ uhl & Revsbech, 2001 ) with a 90% response time < 10 s and a detection limit of 0.05-0.1 pH units. The pH microelectrodes were used in combination with a reference electrode (REF-RM, tip diameter of c. 5 mm; Unisense A/S) immersed in the seawater in the flow through chamber in which measurements were taken. The pH microelectrode was calibrated from sensor readings in three pH buffers (pH 4, 7 and 9, at experimental temperature and salinity) and responded linearly to pH over the calibration range with a signal to pH ratio of c. 52 mV/pH unit.
All microsensors were connected to a four channel multimeter (Unisense A/S) interfaced with a PC running data acquisition software (SensorTrace PRO; Unisense A/S). During operation, the microsensors were mounted on a PC-interfaced motorized micromanipulator (MM33-2, MC-232; Unisense A/S) controlled by dedicated positioning software (SensorTrace PRO; Unisense A/S). All microprofiles were measured in steps of 100 lm (except vertical profiles describing the relative difference between the rhizosphere and the artificial sediment that were performed in 1000 lm step sizes). Before each microprofile measurement commenced, the microsensors were positioned at the tissue surface (indicated as 0 lm on graphs) by means of the micromanipulator, while observing the plant tissue surface and microsensor tip in the transparent, artificial sediment through a stereomicroscope mounted on an articulating arm (SM-6TZ; Amscope, Irvine, CA, USA) equipped with a handheld lens (further described in Brodersen et al., 2014) .
Mapping the chemical microenvironment
Microelectrode measurements were performed at the basal meristems with leaf sheath (meristematic regions of the rhizome; base of leaf sheath), at the nodes (meristematic regions of the rhizome; root-shoot junctions), on the internodes (three points/ locations along the latitude direction), as well as on the first root bundle (n = 2-4, where 'n' represents numbers of technical replicates). Note that the meristematic region of the rhizome is a combined basal leaf/rhizome meristem area located between the leaf bundle and rhizome (Short & Duarte, 2001) ; in this study divided up in two regions, namely the nodium and the basal meristem with leaf sheath c. 1 mm apart. The first root bundle was divided into four areas: root mature zone (with completely developed root hairs; RM), root elongation zone (RE), root apical meristem region (area of root cell division; RA) and root tip (RT) based on observations under a stereo microscope (see Fig. 1 ).
Flux calculations
The radial oxygen flux (J(r); nmol O 2 cm À2 h À1 ) from the belowground tissue was calculated via a cylindrical version of Fick's first law of diffusion, assuming homogeneous O 2 release from a perfect cylinder (Steen-Knudsen, 2002) :
(φ, porosity; D s , diffusion coefficient for oxygen in the artificial sediment; r, radius of the given root/rhizome, DC, oxygen concentration gradient through the oxic microzone (i.e. from the tissue surface to the last point of the linear concentration gradient c. 300 lm away from the tissue surface); r 1 and r 2 , distance from the root centre (i.e. radius of inner and outer cylinder shell) equivalent to the measured O 2 concentrations C 1 and C 2 , respectively). Radial H 2 S consumption rates (J ðrÞ H 2 S ; in nmol H 2 S cm À2 h À1 ) were calculated in a similar manner only replacing the respective diffusion coefficient (see next paragraph).
The porosity, φ, of the artificial sediment was 0.95, and was determined after drying the sediment at 105°C in an oven until a constant weight was reached (known initial volume and wet weight). The following equation was used for the calculation:
(M w , weight of seawater; D w , density of seawater; M a , weight of agar; D a , density of agar). The respective diffusion coefficients within the sediment were calculated to be D S;H 2 S = 1.5251 9 10 À5 cm 2 s À1 and D S;O 2 = 2.0138 9 10 À5 cm 2 s À1 at experimental temperature and salinity (assuming similar diffusion rates as in seawater). The molecular diffusion coefficient for O 2 in seawater, D 0 , and the multiplication factor for calculating the molecular diffusion coefficient of H 2 S at experimental temperature and salinity, were taken from tables available at www.unisense.com (Ramsing & Gundersen, 2014) .
Measurements of seagrass health and photosynthetic capacity during cultivation
Maximum and effective quantum yields of photosystem II (PSII) in Z. muelleri were measured by pulse amplitude modulated (PAM) fluorometry (PocketPAM equipped with an optical fiber; PAM settings: saturating intensity 6, saturating width 0.6 s, F > 100). The measurements were used as a general indicator of seagrass health. Light energy absorbed by chlorophylls can either be used for photochemistry, re-emitted as fluorescence (i.e. as longer wavelengths) or dissipated as heat (nonphotochemical quenching (NPQ)). The relative proportions of energy directed through each of these different pathways define the health of the photosystems, and can be used to determine maximum PSII 
and the effective quantum yield of PSII as:
(F m , maximal fluorescence yield for dark-acclimated plants; F o , minimum fluorescence yield; F 0 m , light-adapted maximum fluorescence yield). As quantum yields are ratios of fluorescence yield measurements, they have no units (Beer et al., 1998; Ralph & Short, 2002) . The maximum quantum yield provides a measure of PSII photochemical efficiency (after a minimum dark adaptation period of 10 min) and the effective quantum yield is a measure of PSII photosynthetic activity (measured under experimented irradiance intensities, i.e. 260 and 350 lmol photons m À2 s À1 ). Seagrass specimens were maintained in the artificial sediment for > 14 d before experiments (similar conditions as used during the microsensor measurements), to verify the longterm health of the plants under the experimental conditions. This was confirmed by the observation of active growth in both aboveand belowground biomass during cultivation, as well as by measured effective and maximum quantum yields. A complete new root bundle, internode and bundle of leaves were developed during cultivation. The rhizome was growing c. 0.8 cm and the new root bundle reached an average root length of 2.6 cm over a 7 d period.
Histology
The base of the leaf sheath of the first shoot and the first internode of each plant were cut into 20-40 lm transverse tissue sections by means of a cryotome after prefixation in cryo-gel (Tissue-Tek ® ; ProSciTech, Kirwan, Qld, Australia). The samples were left embedded in the cryo-gel at c. 4°C for 24 h before the cutting process, to ensure efficient tissue penetration. The obtained sections of the belowground tissue were then transferred to microscope glass slides where they were gently washed to remove any remaining cryo-gel. The cleaned sections were then examined under a stereo microscope and photographed with a digital camera (Coolpix 995; Nikon, Tokyo, Japan).
Results
The detailed mapping of the belowground chemical microenvironment presented in the following originates from three Zostera muelleri plants exposed to similar experimentally manipulated environmental conditions, as well as above-and belowground microenvironmental conditions. Results are shown from the two plants examined in most detail.
Chemical conditions in the immediate rhizosphere
Photosynthetic O 2 evolution, as well as diffusion of O 2 from the ambient water column into the aerenchyma, resulted in high radial O 2 release to the immediate rhizosphere of Z. muelleri ( Fig. 2; Table 1 ). The O 2 release originating from the base of the leaf sheath, as well as the rhizome (i.e. node and internodes), resulted in the establishment of a c. 300-lm-thick oxic microshield around the basal meristems with leaf sheath (BM), nodes (during light and dark treatments; Fig. 2 ) and internodes (during light treatments only; Fig. 2 ). Furthermore, a slightly deeper O 2 penetration depth was observed within the immediate rhizosphere of Z. muelleri, here defined as from the oxic microshield/ reduced sediment interface to the last measured point in the rhizosphere (i.e. c. 0.3-5 mm distance away from the belowground tissue) as compared to the bulk artificial sediment (Supporting Information Figs S1-S3; except during hypoxic water column conditions (further described in Notes S1)). H 2 S was completely removed from the artificial sediment surrounding the BM, as well as from the first sections of the rhizome (until internode 2), and the H 2 S concentration was generally highly reduced (up to 20-fold) within the immediate rhizosphere, as compared to the bulk artificial sediment concentrations measured at a similar depth (Figs 2, S1, S2; except during hypoxic water column conditions). As a reference to the measurements at the BM, H 2 S microprofiles were performed at the same vertical depth but c. 5 mm away from the meristematic regions of the rhizome, and confirmed that H 2 S was present at concentrations up to 23 lmol H 2 S l À1 just outside the immediate rhizosphere (Fig.  S4) .
No or low radial O 2 release was detectable from the root bundles as well as further down the rhizome -that is, away from the growing direction ( Fig. 3 ; data from root bundle 2 not shown). This correlated with the relatively high H 2 S concentrations (> 200 lmol H 2 S l À1 ) measured in the artificial sediment surrounding the root tips ( Fig. 3; dark treatment) .
In the immediate rhizosphere of the meristematic tissue, pH values reached up to c. 7.9 as compared to pH c. 6.2 in the bulk of the artificial sediment at similar vertical depth (Figs 2, S1, S2). Within the immediate rhizosphere, pH decreased towards the root tips (Fig. 3) , reaching pH values of c. 6.0 at the root tip surface. Due to the horizontal orientation of the belowground tissue in the flow chamber, these findings could not have been simply a result of the vertical pH microgradient present in the reduced artificial sediment (Figs 1, S1, S2 ).
Microgradients and oxic microshield
At an incident irradiance of 350 lmol photons m À2 s À1 , radial O 2 release rates reached local maxima of c. 500 nmol O 2 cm À2 h À1 at the base of the leaf sheath, located at the meristematic region of the rhizome ( Fig. 2 ; plant 2, node 1; Table 1 ). This correlated with a complete removal of H 2 S in the same region (Fig. 2) . The highest re-oxidation rate of H 2 S was measured at the second internode of plant 2 during the dark treatment, reaching c. 48 nmol H 2 S cm À2 h À1 . This somewhat unexpected region of the rhizome consuming most H 2 S per unit time was likely a result of the almost complete re-oxidation and consequent removal of H 2 S in the immediate rhizosphere of the meristematic regions of the rhizome ( Fig. 2; Table 1 ). Hence, flux calculation from this region with the highest O 2 leakage was impossible. The highest O 2 release rates were measured at the meristematic regions of the rhizome (i.e. BM and nodes), with > 3-fold higher release rates as compared to any other regions of the belowground tissue (Table 1 ; expect during hypoxia conditions). Inside the oxic microshield, pH levels decreased towards the tissue surface with an average of c. 1 pH unit (Table 1) . A close-up of the oxic microshield and the overall dynamics of the chemical microenvironment within the immediate rhizosphere, as well as throughout the oxic microzone is shown in Fig. 4 .
Changing environmental conditions
The main difference between the light and dark treatments was the establishment of an oxic microshield around the first internode during illumination, as a result of radial O 2 release from this section of the plant (Fig. 2) at an incident irradiance of 350 lmol photons m À2 s À1 in an air-saturated water column (Table 1) .
The H 2 S concentration at the surface of this region varied between 0 and c. 2 lmol H 2 S l À1 in darkness, and between 0 and 1 lmol H 2 S l À1 under the highest experimental incident irradiance (350 lmol photons m À2 s À1 ; Fig. 2 ). During water column hypoxia, the H 2 S concentration increased to between 8 and 99 lmol H 2 S l À1 (Fig. 2) . The low or lacking radial O 2 release from the belowground tissue during and after water column hypoxia thus resulted in relatively high H 2 S concentrations at the belowground tissue surface averaging 56 lmol H 2 S l À1 (Figs 2, 3 ; Table 1 ). These findings suggest very limited consumption and removal of H 2 S 
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New Phytologist during the hypoxia treatment as a result of the much lower oxidation capability of the belowground tissue. Furthermore, Z. muelleri specimens showed low recovery after the hypoxia treatment, where no belowground radial O 2 release was detectable for a period of 48 h after the exposure (12 h : 12 h, light : dark cycle; leaf canopy exposed to 100% air saturated water column during the recovery time), and a loss of aboveground biomass was observed (i.e. detachment of leaves; data not shown).
Oxygen source and rhizome histology
Histological studies of the BM and the surrounding leaf sheath revealed extensive internal gas channels (lacunar system) in the tissue of the leaf sheath at the meristematic region of the rhizome, in addition to gas channels in the meristematic tissue (Fig. 5) . The transverse sections of the first internode, that is, further away from the growth direction, also showed well-developed aerenchyma situated in the cortex in a circular orientation close to the tissue centre (Fig. 5) . Moreover, a central stele was distinct in the cross-tissue section of the internode, and a newly formed root bundle, clearly impeding the distribution of the aerenchyma, was visible in the cross-tissue section of the basal meristem area (Fig. 5) .
PAM fluorometry measurements
The maximum quantum yields of PSII measured at the centre of each leaf in the middle of the leaf canopy was c. 0.67 for both plants (Table 2) . After exposure to hypoxic conditions in the water column, the maximum quantum yield decreased 6% to 0.61 (measured on plant 2, n = 4; Table 2 ). The effective quantum yield increased 23% (from 0.43 to 0.53) when the light intensity was increased from 260 to 350 lmol photons m À2 s À1 , but decreased by > 50% (to 0.27) after exposure to hypoxic conditions under an incident irradiance of 350 lmol photons m À2 s À1 (Table 2 ). These results verify that the measured microprofiles of the chemical microenvironment represent the dynamics of healthy and photosynthetic competent seagrasses (under the light : dark treatments) and that the seagrass photosynthetic quantum efficiency was affected by the hypoxic conditions (measured after a 24 h recovery time; 12 h : 12 h, light : dark cycle).
Discussion
Our results show that the seagrass Zostera muelleri can modify the biogeochemical conditions of its immediate rhizosphere, via O 2 release from belowground tissue, resulting in an almost complete re-oxidation of phytotoxic H 2 S around the basal meristems with leaf sheath (BM) and rhizome in the growing direction (Figs 2, 6 ). This supports earlier findings in studies of Thalassia sp., showing significantly decreased sulphate reduction rates and H 2 S pools in seagrass-vegetated sediment as compared to nonvegetated areas Holmer et al., 2006) . The continuous release of O 2 from the belowground tissue of Z. muelleri likely ensures the maintenance of an oxic microshield around vital and metabolically active parts of the plant (Figs 2, 4) . The oxic microshield was widest at the base of the leaf sheath ( Fig. 2; Table 1 ), which likely protects this important but vulnerable part of the plant from H 2 S intrusion. The leaf sheath surrounds the meristematic plant tissue that, owing to its compact anatomy, has poorly developed aerenchyma, wherefore O 2 transport and supply to this sensitive area is impeded (Raun & Borum, 2013) . This is supported by our observations of the morphological characteristics of the aerenchyma in the leaf sheath (Fig. 5) , showing a Note the extensive distribution of the internal gas channels in the leaf sheath. R, initial formation of a root bundle.
well-developed lacunar system at the basal meristems with large internal gas channels, thus enabling rapid and extensive O 2 release to the rhizosphere. Furthermore, a slightly deeper O 2 penetration and a downward movement of the H 2 S front were found within the immediate rhizosphere as compared to the bulk artificial sediment (Figs S1, S2), a result of plant-mediated alterations of the belowground biogeochemical microenvironment, whereby the plants accommodate their own growth. The radial O 2 fluxes from the meristematic regions of the rhizome (up to c. Earlier studies have shown that photosynthetically derived O 2 evolution during illumination results in an enhanced O 2 partial pressure in the internal gas channels of the plant. In darkness, on the other hand, the belowground tissue is supported only by passive diffusion from the surrounding water column through the leaf tissue and into the lacunar system (Greve et al., 2003; SandJensen et al., 2005; Borum et al., 2006) . This is supported by our findings of higher O 2 release during light exposure, as well as the formation of an oxic microshield around the first internode as a result of O 2 release from the rhizome under an incident irradiance of 350 lmol photons m À2 s À1 (Fig. 2) . The thickness of the oxic microshield (c. 300 lm; Figs 2, 4) surrounding the rhizome of Z. muelleri was similar to previous measurements around Z. marina in natural sediment, where Jensen et al. (2005) found an c. 500-lm-thick O 2 microzone surrounding the root tip. The O 2 demand of the reduced artificial sediment in our experimental setup was thus of similar magnitude as in natural settings. Previous O 2 microelectrode and planar optode studies of Z. marina roots Frederiksen & Glud, 2006) demonstrated a heterogeneous microdistribution of O 2 along the first actively growing root bundle, with O 2 mainly leaking out from around the apical meristem of the root tip (i.e. 1-2 mm away from root apex). Low rates of O 2 release were also observed from the meristematic region of the rhizome of Z. marina by Jensen et al. (2005) , indicating an analogous protection mechanism provided by the leaf sheath to the diminished gas channels in the compact meristematic tissue in this particular Zostera species. This is also supported by findings by Caffrey & Kemp (1991) , who detected O 2 release to the rhizosphere from both roots and rhizomes of Z. marina.
The observed co-existence of H 2 S and O 2 within the oxic microzone (Figs 2, 4) suggests that spontaneous chemical reoxidation was the dominant sulphide oxidizing mechanism in this experiment, as bacteria-mediated oxidation is 10 4 -10 5 times faster than chemical oxidation and thus rarely allows for co-existence to such temporal and spatial extents (Jørgensen & Revsbech, 1983; Nelson et al., 1986; Pedersen et al., 2004) . However, microbially mediated oxidation of H 2 S is likely more important in natural sediments in which the bacterial abundance is much higher than in the artificial sediment employed in this study. As such, the presence of sulphide-oxidizing bacteria would lead to shorter turnover time of H 2 S and decrease the likelihood of H 2 S to reach the rhizome in the presence of O 2 (Jørgensen & Revsbech, 1983; Nelson et al., 1986) .
The decreased pH levels found within the oxic microshield of the meristematic regions of the rhizome may be a result of the formation of sulphuric acid as a byproduct of the spontaneous chemical reactions between O 2 and H 2 S (Figs 2, 4) . Interestingly, such locally decreased pH levels could lead to the release of sediment bound phosphorus, which is often considered a limiting nutrient in carbonate-rich marine sediments (Fourqurean & Zieman, 2002; Holmer et al., 2006) , thus allowing for these plants to grow in phosphorus-limited regions . The increased pH just outside the oxic microshield, as compared to the bulk artificial sediment (Figs 2, 4) , indicates that Z. muelleri may secrete chemical substances (allelochemicals) to The after hypoxia measurements were conducted after a 24 h, 12 h : 12 h, light : dark cycle. Leaves were exposed to a 100% air saturated water column during the 24 h recovery time. Means AE SD (n = 2-4). 
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New Phytologist compensate for the generally decreased pH levels in the oxic microzone. An increase in the sediment pH would furthermore lead to a decrease in the H 2 S concentrations in the immediate rhizosphere as a result of a pH-induced change in the sulphide equilibrium towards nonphytotoxic HS À ions, thus acting as a counterbalance to the supposedly plant-induced formation of sulphuric acid. The enhanced pH level in the rhizosphere could consequently act as an additional chemical defence mechanism against toxic H 2 S. This potential importance of pH changes in the rhizosphere of aquatic macrophytes has largely been overlooked in previous studies (Caffrey & Kemp, 1991; Pedersen et al., 1998; Jensen et al., 2005) .
The limited O 2 release during water column hypoxia (Fig. 2 ) resulted in the deterioration of the oxic microshield and a concomitant increase in the flux of H 2 S towards the tissue surface (Table 1 ). This likely enhanced the risk of H 2 S intrusion into the plant tissue as H 2 S reaches the tissue surface as a consequence of inadequate internal aeration (Table 1 ; Fig. 2 ). Particularly interesting is the observation of H 2 S intrusion into the mature zone of roots when exposed to hypoxic conditions (Fig. 3) . This was not observed in any of the other treatments (i.e. an influx of H 2 S) and thus strongly suggests that this happened as a result of lowered O 2 release from the rhizome and less O 2 support to the roots (Fig. 3) . These results are supported by the findings of Pedersen et al. (2004) , showing H 2 S intrusion into seagrass meristem tissue at low-moderate water column O 2 concentrations (c. 35% of air saturation). In our study, we found a slightly enhanced O 2 compensation point of c. 50% of air saturation in the water columnthat is, the O 2 concentration where the total O 2 demand exceeds the rate of passive O 2 diffusion from the surrounding water column. This can most likely be explained by relatively thicker diffusive boundary layers over the leaves , although enhanced plant respiration and a higher O 2 demand of the artificial sediment are also possible explanations.
A recent study by Raun & Borum (2013) showed that internal meristematic anoxia (or hypoxia) occurred in Z. marina at a water column O 2 concentration of c. 30% air saturation at 15°C, but also at c. 60% air saturation at 25°C. High temperatures can thus have a substantial negative impact on the O 2 concentrations of the meristematic tissue as a result of increased plant tissue respiration. The experiments of Raun & Borum (2013) were conducted in water-filled jars -that is with the above-and belowground tissue experiencing exactly the same conditions -and did not take into account the potential importance of bacterial respiration and spontaneous chemical reactions such as H 2 S re-oxidation. Hence, a slight decrease or increase in one of the numerous sinks or sources of O 2 could explain the higher O 2 compensation point seen in our experiment ( Fig. 2; Table 1 ).
No radial O 2 release was found from the roots of Z. muelleri (Fig. 3) . A barrier to radial O 2 release from the root-region of seagrasses has previously been shown to be restricted to the mature zone of the roots of Z. marina, with O 2 leaking out from around the root cap . Roots growing in reduced environments rely on a continued supply of O 2 to the active apical meristem during elongation. A barrier to O 2 release, such as that provided by casparian band-like structures composed of suberin (Barnabes, 1996) , can ensure an efficient transport of O 2 to the roots, as well as provide protection against intrusion of phytotoxic compounds such as H 2 S. Additionally, the oxic microzone described in this study results in a protective oxidized zone, in which new roots can form and reach maturity with developed barriers to O 2 release and H 2 S intrusion (Fig. 7) .
Loss of seagrass meadows has been related to H 2 S poisoning during water column hypoxia (Pedersen et al., 2004; Borum et al., 2005) , as the internal O 2 partial pressure of the aerenchyma has been found to be highly correlated with the water column O 2 content (Pedersen et al., 2004; Borum et al., 2005) . Water column hypoxia leads to inadequate internal aeration, which in turn may result in H 2 S intrusion. Our results strongly support these previous findings showing that seagrass is more sensitive to water column hypoxia during night-time, where there is no photosynthesis-driven O 2 supply to the rhizosphere. This underlines the importance of the diffusive supply of water column O 2 over the seagrass leaf DBL during the night. Sufficient oxygen support from the water column in darkness ensures the maintenance of a protective oxic microshield around meristematic regions of the rhizome, and is thus vital for seagrass survival in highly reduced sediments.
In conclusion, we found that Z. muelleri is able to modify the chemical conditions of its immediate rhizosphere, resulting from high radial O 2 release from the base of the leaf sheath surrounding the meristematic regions of the rhizome. This enables oxidation of ambient phytotoxic H 2 S, and thereby acts as a chemical defence mechanism, protecting the most vulnerable meristematic tissue. In addition, plant-mediated pH increase in the immediate rhizosphere likely reduces the concentration of phytotoxic H 2 S by shifting the speciation of sulphide towards nonphytotoxic HS À ions, thus leading to further detoxification of the belowground microenvironment. Water column hypoxia may lead to an inadequate internal O 2 supply to the belowground tissues, resulting in H 2 S intrusion as a consequence of the degradation of the protecting oxic microshield. Prolonged or sudden degradation of the oxic microshield protecting the vital basal meristems may thus be the initial external chemical mechanism behind sudden seagrass die-off events in highly reduced marine sediments.
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Figs S1 and S2 The vertical distribution of O 2 , H 2 S and pH in the immediate rhizosphere of Zostera muelleri as compared to the reduced, bulk artificial sediment in plants 1 and 2, respectively. Note S1 Additional methods, results and discussion.
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